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© Semiconductor device having a thermal nitride film and manufacturing method thereof. 



^ © A semiconductor wafer (31) having an impurity 
^ diffusion layer formed in an inner surface of a trench 

(33) is cleaned. The semiconductor wafer (31) is 
£j inserted into a furnace, and NH 3 gas is introduced 
j£ into the furnace in the low-pressure condition to 

create an atmosphere in which the temperature is 
^ set at 800 °C to 1200°C and the partial pressures of 

H 2 0 and O2 are set at 1 x 10~* Torr or less. A 

natural oxide film formed on the inner surface of the 
® trench (33) is removed, and substantially at the 
Q. same time, a thermal nitride film (35) is formed on 
LU 



the impurity diffusion layer. Then, a CVD silicon 
nitride film (36) is formed on the thermal nitride film 
without exposing the thermal nitride film to the out- 
side air in the same furnace. Next, a silicon oxide 
film (37) is formed on the CVD nitride film. As a 
result, a composite insulative film formed of the 
thermal nitride film, CVD silicon nitride film and 
silicon oxide film is obtained. Then, an electrode 
(39) for the composite insulative film is formed in the 
trench. 




FIG. 3 
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This invention relates to a semiconductor de- 
vice and a manufacturing method thereof, and 
more particularly to formation of a composite in- 
sulative film by use of the CVD (Chemical Vapor 
Deposition) method. 

In a semiconductor integrated circuit, for exam- 
ple, an insulative film used for forming a capacitor 
of a memory cell is required to be made thin and 
have a large dielectric constant in order to stably 
provide a preset capacitance even when the size of 
the capacitor is reduced with an increase in the 
integration density. A silicon nitride film is known 
as an insulative film having a dielectric constant 
larger than that of a silicon oxide film. 

FIG. 18 is a cross sectional view showing a 
semiconductor device manufactured by the con- 
ventional manufacturing method. An insulative film 
2 is formed on the surface of a semiconductor 
wafer 1 and patterned. A trench 3 is formed in the 
semiconductor wafer 1 by etching the semiconduc- 
tor wafer 1 with the insulative film 2 used as a 
mask. Next, a single crystal Si layer doped with 
impurity, that is, an impurity layer 4 is formed on 
the inner surface of the trench 3. After this, the 
semiconductor wafer 1 is subjected to the cleaning 
process by use of chemicals. 

Next, the semiconductor wafer 1 is loaded into 
a furnace (not shown). In the furnace, a CVD silicon 
nitride film 6 is deposited on the inner surface of 
the trench 3 and the insulative film 2 by the LPCVD 
(Low Pressure Chemical Vapor Deposition) method. 
Next, a silicon oxide film 7 is formed on the silicon 
nitride film 6. As a result, a composite insulative 
film 9 formed of the silicon nitride film 6 and silicon 
oxide film 7 is formed in the irench 3 . After this, a 
polysilicon film 8a doped with impurity is deposited 
on the silicon oxide film 7. The internal portion of 
the trench 3 is filled with the polysilicon film 8a. 
Next, the polysilicon film 8a, silicon oxide film 7 
and silicon nitride film 6 are patterned to form an 
electrode 8 of the polysilicon film 8a in the trench 
3. Therefore, a capacitor 10 is constructed by the 
electrode 10, the composite insulative film 9 and 
the insulative diffusion layer 4 used as an electrode 
in the trench 3. 

When the silicon nitride film 6 is formed on the 
inner surface of the trench 3 in the furnace, a 
natural oxide film 5 with a thickness of approx. 1 
nm to 2 nm is formed between the silicon nitride 
film 6 and the impurity diffusion layer 4. Therefore, 
the actual composite insulative film 9 is formed of 
the natural oxide film 5, silicon oxide film 7 and 
silicon nitride film 6. As the cause of formation of 
the natural oxide film, the following three causes 
are considered. The first cause is based on dis- 
solved oxygen in the cleaning liquid in the cleaning 
process, the second cause is based on oxygen in 
the atmosphere, and the third cause is based on 



oxygen contained in the outside air introduced into 
the silicon nitride film forming furnace when the 
wafer 1 is carried into the furnace. 

Thus, if the natural oxide film 5 with a thick- 

5 ness of approx. 1 nm to 2 nm is formed between 
the silicon nitride film 6 and the impurity diffusion 
layer 4, the film thickness of the capacitor in- 
sulative film is increased by 1 nm to 2 nm, thereby 
preventing the film thickness of the capacitor in- 

/o sulative film from being reduced. Further, if the 
natural oxide film is formed, the film quality of the 
capacitor insulative film is deteriorated, thereby 
lowering the dielectric strength and degrading the 
reliability of the insulative film. 

rs As a method of solving the above problems, a 

method of removing the natural oxide film 5 in the 
trench 3 by forming an atmosphere in which the 
partial pressures of H 2 0 and O2 are set equal to or 
lower than 1 x 10~* Torr in the furnace used for 

20 the LPCVD method, processing the semiconductor 
wafer 1 in the atmosphere, and then forming the 
CVD silicon nitride film 6 is considered. 

Further, a method of reducing the natural oxide 
film 5 by introducing a reducing gas such as H2, 

25 SihU, Si2H 6 , and HCI into the furnace used for the 
LPCVD and then forming a thermal nitride film is 
considered. 

However, according to the above two methods, 
after the natural oxide film 5 on the inner wall of 

30 the trench is removed in the furnace, the clean 
inner surface of the trench 3 is exposed to the 
high-temperature and low-pressure atmosphere so 
that impurity in the impurity diffusion layer 4 will be 
diffused towards the outside and extracted. As a 

35 result, if a composite insulative film formed by the 
above method is used for the capacitor insulative 
film of the memory cell and when an electric field 
is applied to the capacitor insulative film, the inter- 
face area between the capacitor insulative film and 

40 the impurity diffusion layer is depleted, thereby 
causing a problem that an effective storage amount 
of charges cannot be obtained. 

Further, according to the above two methods, 
since the clean inner surface of the trench 3 is 

45 exposed to the high-temperature and low-pressure 
atmosphere after the natural oxide film 5 in the 
trench is removed in the furnace, etching pits may 
be formed in the inner surface of the trench by an 
oxidation gas such as H 2 0 or O2 in some cases. In 

50 addition, SiC may be sometimes formed on the 
inner surface of the trench by a carbonaceous gas 
such as CO, C0 2 and hydro-carbon gas. Therefore, 
if a composite insulative film formed by the above 
methods is used for the capacitor insulative film of 

55 the memory cell, a problem that the dielectric 
strength and the reliability of the capacitor insula- 
tive film are lowered occurs. 
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An object of this invention is to provide a 
semiconductor device which is high in the dielec- 
tric strength, can prevent degradation in the re- 
liability, can be made thin and is suitable for a 
composite insulative film, and a method of manu- 
facturing the same. 

The above object can be attained by a semi- 
conductor device comprising a semiconductor lay- 
er; and a thermal nitride film formed directly on the 
semiconductor layer,, the concentration of oxygen 
contained in the thermal nitride film being not high- 
er than 1.36 x 10 15 (atoms/cm 2 ). 

Further, the above object can be attained by a 
semiconductor device manufacturing method com- 
prising a first step of removing a natural oxide film 
on a semiconductor layer, and substantially at the 
same time, forming a thermal nitride film on the 
semi-conductor layer; and a second step of for- 
ming a nitride film on the thermal nitride film by the 
CVD method. 

According to the semiconductor device of this 
invention, the thermal nitride film is formed directly 
on the semiconductor layer and the concentration 
of oxygen in the thermal nitride film is set to be not 
higher than 1.36 x 10 15 (atoms/cm 2 ). Therefore, the 
flatness of a silicon nitride film formed on the 
thermal nitride film can be enhanced and the di- 
electric strength can be prevented from being 
lowered. In addition, since no natural oxide film is 
formed between the thermal nitride film and the 
silicon nitride film, the film thickness can be made 
small. 

According to the semiconductor device manu- 
facturing method of this invention, the thermal 
nitride film is formed on the semiconductor layer 
substantially at the same time that the natural oxide 
film formed on the substrate is removed. Therefore, 
the concentration of oxygen contained in the ther- 
mal nitride film can be set extremely low. Thus, 
since a silicon nitride film excellent in the flatness 
can be formed on the thermal nitride film, the 
dielectric strength and reliability can be prevented 
from being lowered and the film thickness can be 
made small. Further, the natural oxide film on the 
semiconductor layer can be unfailingly removed by 
setting the partial pressures of H 2 0 and 0 2 to be 
values shown in equation (1) to be described later. 
Further, the thermal nitride film can be formed on 
the surface of the semiconductor layer at the same 
time as elimination of the natural oxide film by 
introducing ammonia gas of low pressure. After 
this, a natural oxide film can be prevented from 
being formed between the thermal nitride film and 
the silicon nitride film by forming the silicon nitride 
film following on the formation of the thermal nitride 
film. The insulative film thus formed is high in the 
insulation dielectric 5 strength and excellent in the 
reliability and can be formed thin. 
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This invention can be more fully understood 
from the following detailed description when taken 
in conjunction with the accompanying drawings, in 
which: 

5 FIG. 1 is a construction view showing a high- 
vacuum LPCVD device used for manufacturing a 
semiconductor device by the manufacturing 
method of a first or second embodiment of this 
invention; 

w FIG. 2 is a diagram showing the sequence of the 
semiconductor device manufacturing method ac- 
cording to the first or second embodiment of 
this invention; 

FIG. 3 is a cross sectional view showing a 
/5 semiconductor device manufactured by a manu- 
facturing method according to the first embodi- 
ment of this invention; 

FIG. 4 is a graph showing the relation between 
the partial pressures of H 2 0 and 0 2 in the 

20 processing chamber and the temperature; 

FIGS. 5A and 5B are diagrams for illustrating the 
CVD-SiN film and incubation time relating to the 
semiconductor device manufacturing method of 
this invention, and FIGS. 5C, 5D are diagrams 

25 for illustrating the CVD-SiN film and incubation 
time relating to the conventional semiconductor 
device manufacturing method; 
FIG. 6 is a graph showing the relation between 
the incubation time and the concentration of 

30 oxygen contained in the ground layer when the 
CVD-SiN film is formed; 

FIG. 7 is a graph showing the relation between 
time for forming the CVD-SiN film and the total 
film thickness of the thermal nitride film and the 

35 CVD-SiN film; 

FIG. 8 is a graph showing the relation between 
the incubation time at the time of formation of 
the CVD-SiN film and the roughness of the 
surface of the CVD-SiN film formed; 

40 FIG. 9 is a graph showing the relation between 
the incubation time and the leak current density 
of the NO film; 

FIG. 10 is a graph showing the relation between 
the incubation time and the genuine breakdown 

45 of the NO film; 

FIG. 11 is a view showing the structure of a 
sample used for FIGS. 9 and 10; 
FIG. 12 is a cross sectional view showing a 
semiconductor device manufactured by a manu- 

50 facturing method according to the second em- 
bodiment of this invention; 
FIG. 13 is a graph showing the relation between 
the film thickness of the silicon nitride film and 
the film thickness expressed in terms of the film 

55 thickness of the oxide film; 

FIG. 14 is a graph showing the relation between 
the film thickness expressed in terms of the film 
thickness of the oxide film and the leak current 
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density; 

FIG. 15 is a graph showing the results of TDDB 
measurements of the semiconductor devices 
manufactured by the manufacturing method of 
this invention and the conventional manufactur- 
ing method; 

FIG. 16 is a graph showing the sheet resistance 
of the polysilicon film and the impurity con- 
centration of the polysilicon film of the semicon- 
ductor devices manufactured by the manufactur- 
ing method of this invention and the conven- 
tional manufacturing method; 
FIG. 17 is a graph showing the number of for- 
eign matters on the wafer in a case where the 
semiconductor devices are manufactured by the 
manufacturing method of this invention and the 
conventional manufacturing method; and 
FIG. 18 is a cross sectional diagram showing a 
semiconductor device manufactured by the con- 
ventional manufacturing method. 
There will now be described an embodiment of 

this invention with reference to the accompanying 

drawings. 

FIG. 1 shows a high-vacuum LPCVD device 
used for manufacturing a semiconductor device by 
the manufacturing method of a first or second 
embodiment of this invention. An inner tube 12 
formed of quartz is disposed inside an outer tube 
1 1 which is formed of quartz and is closed at one 
end and the internal space of the inner tube 12 is 
used as a processing chamber 13. The outer tube 
11 and inner tube 12 of the double-tube structure 
are supported by a SUS-made manifold 14 and 
one end of the manifold 14 and the other end of 
the outer tube" 1 1 are hermetically sealed by an 0- 
ring 16 or metal seal. A heater 24 for heating the 
internal portion of the processing chamber 13 is 
disposed outside the outer tube 11. 

An SUS-made capping flange 15 is mounted 
on the other end of the manifold 14 and the cap- 
ping flange 15 and the other end of the manifold 14 
are connected together by an O-ring 16 or metal 
seal. Thus, the processing chamber 13 is hermeti- 
cally sealed. A quartz boat 23 which can carry a 
plurality of semiconductor wafers is disposed on 
the capping flange 15 in the processing chamber 
13. 

An NH 3 gas introducing nozzle 17, SiH 2 Cl2 gas 
introducing nozzle 18 and inert gas introducing 
nozzle 19 for introducing NH3 gas, SiHsCb gas 
and inert gas such as N 2 and Ar into the process- 
ing chamber 13 are formed in the manifold 14. In 
FIG. 1, each of the nozzles is simply shown by an 
arrow. Further, a turbo-molecular pump (T.M.P) 20 
for exhausting an internal gas in the processing 
chamber is connected to the manifold 14. A me- 
chanical booster pump (M.B.P) 21 is connected to 
the turbo-molecular pump 20 and a dry pump (D.P) 



22 is connected to the mechanical booster pump 
(M.B.P) 21. 

FIG. 2 shows the sequence of the semiconduc- 
tor device manufacturing method according to the 

5 first or second embodiment of this invention. FIG. 3 
is a cross sectional view showing a semiconductor 
device on which a composite insulative film con- 
structed by three insulative films including a CVD 
silicon nitride film is formed as a capacitor in- 

70 sulative film of the memory cell. Next, a semicon- 
ductor device manufacturing method according to 
the first embodiment of this invention is explained 
with reference to FiGS. 1 to 3. 

First, as shown in FIG. 3, an insulative film 32 

75 is formed on the surface of a semiconductor wafer 
31 and selectively patterned. A trench 33 is formed 
in the semiconductor wafer 31 by etching the semi- 
conductor wafer 31 with the insulative film 32 used 
as a mask so as to expose single crystal Si on the 

20 inner surface of the trench 33. Next, impurity is 
doped into the exposed single crystal Si and a 
single cry_stgl^Si layer doped with impurity, that is, 
an impurity diffusion layer 34 is formed in the inner 
surface area of the trench 33. The impurity diffu- 

25 sion layer 34 is used as an electrode of the capaci- 
tor. After this, the semiconductor wafer 1 is sub- 
jected to the cleaning process by use of chemicals 
(not shown). Specifically, the cleaning process for 
. removing impurities is effected by dipping the wa- 

30 fer 31 into a solution containing hydrochloric acid 
and hydrogen peroxide solution, for example.- At 
the time of or after the cleaning process, a natural 
oxide film (not shown) is formed on the inner 
surface of the trench 33. 

35 Next, the semiconductor wafer 31 is processed 

according to the sequence shown in FIG. 2. That 
is, the semiconductor wafer 1 is placed on a quartz 
boat 23 and the quartz boat 23 is loaded into a 
processing chamber 13 of the high-vacuum LPCVD 

40 device of FIG. 1 in which the temperature is set in 
a low temperature range from the room tempera- 
ture to approx. 600 °C. At this time, a natural oxide 
film (not shown) with a thickness of approx. 1 nm 
to 2 nm is formed on the inner surface of the 

45 trench 33. When the quartz boat 23 is carried into 
the processing chamber 13, Ar gas is introduced 
into the processing chamber 13 at the flow rate of 
10 slm from the nozzle 19. After this, the inert gas 
in the processing chamber 13 is discharged by the 

50 dry pump 22, mechanical booster pump 21 and 
turbo molecular pump 20 to lower the pressure in 
the processing chamber 13 to 10~ 3 Torr or less. At 
this time, the partial pressures of H2O and O2 are 
sot to 1 * 10~* Torr or less. It is difficult to 

55 independently set the partial pressures of H 2 0 and 
O. . and therefore, the partial pressure of H2O may 
be set to 1 * 10~* Torr or less for convenience, for 
example. 
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After this, NH3 gas is introduced into the pro- 
cessing chamber 13 at the flow rate of 1 to 5 slm 
from the nozzle 17 and the pressure is controlled 
to form a low-pressure atmosphere of 0.1 to 100 
Torr in the processing chamber 13. Next, the NH 3 
gas is introduced into the processing chamber 13 
and the semiconductor wafer 31 is heated by the 
heater 24 to set the temperature thereof to, for 
example, 800 *C to 1200°C with the low-pressure 
atmosphere kept unchanged. In this state, the 
semiconductor wafer 31 is kept at the temperature 
of 800 *C to 1200 W C for approx. 0 to 120 min. As a 
result, the natural oxide film formed on the inner 
surface of the trench 33 is vaporized and elimi- 
nated, and at the same time, a thermal nitride film 
with a thickness of 2 nm to 5 nm is formed on the 
inner surface of the trench 33. 

The reason why the natural oxide film in the 
trench 33 can be removed is that the partial pres- 
sures of H2O and O2 are set to 1 x 10"* Torr or 
less. Further, the reason why the thermal nitride 
film 35 is formed on the inner surface of the trench 
33 is that the NH 3 gas is introduced into the 
processing chamber 13 with the temperature of the 
wafer 31 kept at 800 0 C to 1 200 0 C. 

FIG. 4 is a graph showing the relation between 
the partial pressures of H 2 0 and O2 in the process- 
ing chamber and the temperature. In a state in 
which the wafer temperature is kept at 850 *C or 
more and the partial pressures of H 2 0 and O2 in 
the processing chamber are set equal to or lower 
than approx. 10"* Torr, the concentration of oxy- 
gen in the thermal nitride film becomes less than 
1.36 x 10 ,s atoms/cm 2 (less than that of an oxygen 
inonoatomic layer) and it is understood that the 
natural oxide film has been removed. 

Since the concentration of oxygen of the oxy- 
gen monoatomic layer formed on the silicon layer 
is 1.36 x 10 15 atoms/cm 2 , the concentration of 
oxygen of the natural oxide film formed on the 
silicon layer is at least more than the above value. 
Generally, in the case where the thermal nitride 
film is formed on the silicon oxide film, the formed 
thermal nitride film takes in oxygen of the silicon 
oxide film. Due to this, the concentration of oxygen 
of the nitride film thermally formed without remov- 
ing the natural oxide film is at least 1.36 x 10 15 
atoms/cm 2 or more. Therefore, in the case where 
the concentration of oxygen of the thermal nitride 
film formed on the silicon layer is less than 1.36 x 
10 15 atoms/cm 2 , the natural oxide film is removed 
to form the thermal nitride film. 

The partial pressures of H2O and O2 to the 
temperature of the characteristics of FIG. 4 can be 
expressed by the following equation (1): 

Pr = Sx e (E,C/T) (Torr) (1) 



where S: inclination (1 x 10 s to 1 x 10 9 ), E: active 
energy (-2.5 to 3.5), C: coefficient for transferring 
Joule/mol to eV (11605), and T: absolute tempera- 
ture. 

5 The partial pressures of H 2 0 and O2 are set to 

less than Pr obtained by the above equation (1), 
thereby the natural oxide film on the semiconductor 
layer can be removed without fail. The straight line 
shown in FIG. 1 indicates a case of S = 8.69 x 

70 10 8 and E = -2.883 in equation (1). In FIG. 4, an 
optimum temperature condition of processing is 
800 to 900 'C, and the partial pressures H2O and 
0 2 are substantially 2.5 x 10~ 5 to 3.5 x 10"* Torr. 
NH 3 gas is introduced into the processing 

;s chamber 13 when the temperature of the semicon- 
ductor wafer 31 is raised. Therefore, impurity will 
not be extracted from the impurity diffusion layer 
34. 

Next, the temperature of the wafer is lowered 

20 to 750 °C to 600 *C while NH 3 is being continu- 
ously introduced with the internal space of the 
processing chamber 13 kept in the low-pressure 
atmosphere. After this, SiH 2 Cl2 gas is introduced 
into the processing chamber 13 from the nozzle 18 

25 at the flow rate of 0.1 slm and the flow rate of NH 3 
introduced from the nozzle 17 is set to 1 slm to 
adjust the internal pressure of the processing 
chamber 13 to 0.5 Torr. Thus, as shown in FIG. 3, 
a CVD silicon nitride film (which is hereinafter re- 

30 ferred to as CVD-SiN film) is formed on the thermal 
nitride film 35 and insulative film 32. 

After this, the temperature of the semiconduc- 
tor wafer 31 is lowered to the room temperature to 
approx. 600 °C. At this time, introduction of SihbCb 

35 gas and NH 3 gas into the processing chamber 13 
is interrupted and Ar gas is introduced into the 
processing chamber 13 from the nozzle 19 at the 
flow rate of approx. 5 slm. At this time, the pres- 
sure in the processing chamber 13 is adjusted to 

40 approx. 1 Torr. 

Next, after gases in the processing chamber 13 
are replaced by Ar gas, the semiconductor wafer 
31 is taken out from the processing chamber 13. 
After this, the semiconductor wafer 31 is car- 

45 ried into a furnace different from the LPCVD device 
shown in FIG. 1, and as shown in FIG. 3, a silicon 
oxide film 37 (CVD silicon oxide film or thermal 
silicon oxide film) with a thickness of approx. 1 nm 
to 2 nm is formed on the CVD-SiN film 36. As a 

50 result, a composite insulative film 38 of three- 
layered structure formed of the silicon oxide film 
37, CVD-SiN film 36 and thermal nitride film 35 is 
formed. Next, a polysilicon film 39a doped with 
impurity is deposited on the composite insulative 

55 film 38 and patterned together with the composite 
insulative film 38. Thus, an electrode 39 formed of 
the polysilicon film 39a is disposed in the trench 
33. Therefore, in the trench 33, a capacitor 40 is 
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constructed by the electrode 39, composite in- 
sutative film 38 and impurity diffusion layer 34. 

According to the first embodiment, the partial 
pressures of H 2 0 and O2 in the processing cham- 
ber are set to be lower than the condition shown in 
equation (1), and the wafer 31 is processed in an 
atmosphere created by introducing NH3 gas at the 
flow rate of 1 to 5 slm into the processing chamber 
13. As a result, the natural oxide film on the inner 
surface of the trench 33 can be removed, and at 
the same time, the thermal nitride film 35 with a 
thickness of approx. 2 nm to 5 nm can be formed. 
Therefore, a natural oxide film will not be formed 
between the impurity diffusion layer 34 and the 
CVD-SiN film 36, thereby preventing the electrical 
characteristic of the composite insulative film 38 
from being lowered and making it possible to form 
a thin film. 

Also, the flatness of the surface of the natural 
oxide film is considerably bad. In the case that the 
nitride film is conventionally formed on the surface 
of the natural oxide film, the flatness of the surface 
naturally worsens. In such a bad flatness condition, 
electrical field concentrates on the thin portion of 
the nitride film, and leak current to cause the 
generation of leak current. Due to this, it is needed 
that the nitride film be formed thick. However, in 
the present invention, since the thermal nitride film 
is directly formed on the silicon layer, good flat- 
ness can be obtained. As a result, the generation of 
leak current can be prevented, and the thermal 
nitride film can be formed thin. Moreover, since the 
thermal nitride film is directly formed on the silicon 
layer, no oxide film exists in the film, and the 
quality of the film can be stabilized. Therefore, the 
removal of the natural oxide film and the formation 
of the thermal nitride film 35 are performed at the 
same time, so that the thermal nitride film 35 can 
be thinned and prevented from being deteriorated 
at the same time. 

Further, the concentration of oxygen in the 
surface of the thermal nitride film 35 can be lower- 
ed by forming the thermal nitride film 35 at the 
same time as elimination of the natural oxide film 
on the inner surface of the trench 33 and then 
forming the CVD-SiN film 36 on the thermal nitride 
film 35. Therefore, the formation delay time at the 
time of formation of the CVD-SiN film 36, that is, 
the incubation time can be reduced to zero. As a 
result, the morphology of the CVD-SiN film 36 can 
be made excellent and the roughness thereof be- 
comes small, thereby enhancing the flatness of the 
surface thereof. Therefore, the leak current of the 
CVD-SiN film 36 becomes small and the dielectric 
strength can be prevented from being lowered. 

Further, at the time of raise of the temperature 
of the semiconductor wafer 31, and at the time of 
elimination of the natural oxide film on the inner 



surface of the trench 33 and formation of the ther- 
mal nitride film 35, NH 3 gas is introduced into 
processing chamber 13 and the above processes 
are continuously effected. Therefore, unlike the 

5 conventional technique in which the thermal nitride 
film is formed after the natural oxide film in the 
trench is removed, impurity in the impurity diffusion 
layer is not extracted and occurrence of etching 
pits can be prevented. 

10 Next, the above effect is explained in detail. 

In a case where the natural oxide film on the 
inner surface of the trench 33 (semiconductor wa- 
fer) is removed, and at the same time, the thermal 
nitride film 35 is formed on the inner surface of the 

75, trench 33, and then the CVD-SiN film 36 is continu- 
ously formed on the thermal nitride film 35, the 
concentration of oxygen in the thermal nitride film. 
35 can be kept at approx. 0.8 x 10 15 (atoms/cm 2 ) 
which is smaller than 1.36 x 10 15 (atoms/cm 2 ). 

20 Thus, if the concentration of oxygen in the thermal 
nitride film 35 is low and when the CVD-SiN film 36 
is formed on the thermal nitride film 35, the incuba- 
tion time can be reduced to zero. Therefore, as 
shown in FIG. 5A, nucleus can be uniformly formed 

25 when the CVD-SiN film 36 is formed on the surface 
of the thermal nitride film. 

On the other hand, in a case where the natural 
oxide film on the inner surface of the trench is not 
sufficiently eliminated, and the processes for for- 

30 ming the thermal nitride film and the CVD-SiN film 
are discontinuously effected like the conventional 
case, the concentration of oxygen in the thermal 
nitride film is set higher than 1.36 x 10 15 - 
(atoms/cm 2 ). Therefore, the incubation time cannot 

35 be set to zero when the CVD-SiN film is formed on 
the thermal nitride film, and as shown in FIG. 5C, 
non-uniform nucleus are formed on the surface of 
the thermal nitride film. 

FIG. 6 is a graph showing the relation between 

40 the incubation time and the concentration of oxy- 
gen contained in the ground film when the CVD- 
SiN film is formed. FIG. 6 indicates the results 
obtained by measuring the concentration of oxygen 
contained on the thermal nitride film by SIMS (Sec- 

45 ondary Ion Mass Spectrometry) after forming the 
CVD-SiN film on the thermal nitride film on the 
silicon substrate with different incubation time. It is 
understood from FIG. 6 that the incubation time is 
set to zero when the concentration of oxygen in the 

50 ground layer is set equal to or lower than 1 x 10 15 
(atoms cm 2 ). 

FIG. 7 shows the relation between time for 
formation of (he CVD-SiN film formed on the ther- 
mal nitride film with a film thickness of 20 angstrom 

55 and the total film thickness of the thermal nitride 
film and the CVD-SiN film. In this example, the line 
A indicates a case wherein the thermal nitride film 
and the CVD-SiN film are continuously formed and 
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the concentration of oxygen contained in the ther- 
mal nitride film is 0.8 x 10 15 (atoms/cm 2 ) ( the line 
B indicates a case wherein the thermal nitride film 
and the CVD-SiN film are continuously formed and 
the concentration of oxygen contained in the ther- 
mal nitride film is 1.5 x 10 15 (atoms/cm 2 ), and the 
line C indicates a case wherein the thermal nitride 
film and the CVD-SiN film are discontinuously 
formed, the surface of the thermal nitride film is 
oxidized, and the concentration of oxygen con- 
tained in the thermal nitride film is 1.8 x 10 15 - 
(atoms/cm 2 ). It is clearly understood from FIG. 7 
that as the concentration of oxygen in the thermal 
nitride film becomes higher, delay of the film for- 
mation is generated, the incubation time becomes 
longer and the total film thickness is made smaller 
if the film formation time is the same. As men- 
tioned above, in the case where the concentration 
of oxygen contained in the thermal nitride film is 
high and the thermal nitride film and the CVD-SiN 
film are discontinuously formed, incubation time for 
several minutes is generated. 

FIG. 8 shows the relation between the incuba- 
tion time at the time of formation of the CVD-SiN 
film and the roughness of the surface of the CVD- 
SiN film formed. FIG. 8 shows the result of mea- 
surement of the film formed in the same manner as 
in the case of FIG. 6 by AFM. It is clearly under- 
stood from FIG. 8 that the roughness becomes 
larger as the incubation time becomes longer. That 
is, if the incubation time is zero, the CVD-SiN film 
is formed with the uniform film thickness as shown 
in FIG. 5B. Therefore, the surface of the CVD-SiN 
film is made flat. However, if the incubation time is 
long, the film thickness of the CVD-SiN film be- 
comes non-uniform as shown in FIG. 5D and it is 
considered that the roughness of the surface of the 
CVD-SiN film becomes larger. If the roughness of 
the surface of the CVD-SiN film thus becomes 
larger, a leak path is formed in a portion with a 
small film thickness and the dielectric strength is 
degraded. 

FIG. 9 shows the relation between the incuba- 
tion, time and the leak current density of the NO 
film, and FIG. 10 shows the relation between the 
incubation time and the dielectric breakdown of the 
NO film. In the case of FIGS. 9 and 10, a compos- 
ite film with a structure shown in FIG. 11 and 
formed with different incubation time is used. FIG. 
9 shows the result of measurement of the leak 
current density obtained when a voltage of ±1.65 V 
is applied between the semiconductor wafer and 
the Si0 2 film as shown in FIG. 11. FIG. 10 shows 
50% MTTF (Mean Time To Failure) of the TDDB 
(Time Dependent Dielectric Breakdown) measure- 
ment by use of a constant current. 50% MTTF is 
the mean time until 50% of the measured samples 
are destroyed. In FIGS. 9 and 10, the thickness of 



the composite insulative film is expressed in terms 
of the film thickness of the oxide film (the film 
thickness equivalent to the film thickness of the 
oxide film; thickness eq.) and is 45 angstrom in this 

5 example. As is clearly understood from FIGS. 9 
and 10, the leak current density is lower and the 
dielectric strength becomes larger as the incuba- 
tion time is shorter. 

FIG. 12 is a cross sectional view showing an- 

w other semiconductor device on which a composite 
insulative film formed of three-layered insulative 
film including a CVD-SiN film is formed as a ca- 
pacitor insulative film of the memory cell and por- 
tions which are the same as those of FIG. 3 are 

75 denoted by the same reference numerals. Next, a 
semiconductor device manufacturing method ac- 
cording to the second embodiment of this invention 
is explained with reference to FIGS. 1, 2 and 5. 
Portions which are the same as those of the first 

20 embodiment are denoted by the same reference 
numerals and the explanation therefor is omitted. 

As shown in FIG. 12, an oxide film 41 is 
formed on the inner side surface of the trench 33 
of the semiconductor wafer 31 . After this, a single 

25 crystal Si film doped with impurity, that is, impurity 
diffusion layer 42 is formed on the bottom surface 
of the trench 33. Next, a polysilicon film 43 is 
formed on the inner side surface and bottom sur- 
face of the trench 33 and impurity is doped into the 

30 polysilicon film 43. After this, the semiconductor 
wafer 31 is subjected to the cleaning process. At 
this time, a natural oxide film (not shown) is formed 
on the surface of the polysilicon film 43. 

Next, the semiconductor wafer 31 is processed 

35 according to the sequence shown in FIG. 2. That 
is, a thermal nitride film 35 is formed on the 
polysilicon film 43 in the furnace shown n FIG. 1. A 
CVD-SiN film 36 and silicon oxide film 37 are 
formed on the thermal nitride film 35. After this, a 

40 polysilicon film 39a doped with impurity is depos- 
ited on a composite insulative film 38 and an 
electrode 39 is formed inside the trench 33. There- 
fore, a capacitor 40 is formed of the electrode 39, 
composite insulative film 38 and polysilicon film 43 

45 in the trench 33. 

The same effect obtained in the first embodi- 
ment can be attained in the second embodiment. 

FIG. 13 is a graph showing the relation be- 
tween the film thickness of the silicon nitride film 

so 36 and the film thickness of the composite in- 
sulative film 38 expressed in terms of the film 
thickness of the oxide film. A reference numeral 51 
indicates the relation between the thickness of the 
nitride film in the composite insulative film of the 

55 semiconductor device manufactured by the manu- 
facturing method of this invention and the effective 
film thickness equivalent to the film thickness of 
the oxide film obtained by electrically evaluating 
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the thickness of the composite insulative film. A 
reference numeral 52 indicates the relation be- 
tween the thickness of the nitride film in the com- 
posite insulative film of the semiconductor device 
manufactured by the conventional manufacturing 
method and the film thickness of the composite 
insulative film equivalent to the film thickness of the 
oxide film. 

It is understood from FIG. 13 that the film 
thickness of the composite insulative film of this 
invention expressed in terms of the film thickness 
of the oxide film can be made thinner than that of 
the conventional case by approx. 7 angstrom if the 
silicon nitride film of the same thickness is used. 
This is because the thermal nitride film having a 
large dielectric constant is used instead of the 
natural. oxide film in this invention and the effective 
film thickness thereof equivalent to the film thick- 
ness of the oxide film can be increased. Therefore, 
the capacitor insulative film can be made thin and 
the capacitance can be increased by using the 
semiconductor device manufacturing method of 
this invention. 

FIG. 14 shows the relation between the film 
thickness of the composite insulative film ex- 
pressed in terms of the film thickness of the oxide 
film and the leak current density. A reference nu- 
meral 61 indicates the relation between the film 
thickness of the composite insulative film ex- 
pressed in terms of the film thickness of the oxide 
film in the semiconductor device manufactured by 
the manufacturing method of this invention and the 
leak current in the composite insulative film ob- 
tained when a voltage of ±1.65 V is applied to the 
electrode of the semiconductor device. A reference 
numeral 62 indicates the relation between the film 
thickness of the composite insulative film ex- 
pressed in terms of the film thickness of the oxide 
film in the semiconductor device manufactured by 
the conventional manufacturing method and the 
leak current in the composite insulative film ob- 
tained when a voltage of ±1.65 V is applied to the 
electrode of the semiconductor device. 

It is understood from FIG. 14 that the leak 
current density can be made lower in the compos- 
■ite insulative film of this invention than in the com- 
posite insulative film of the conventional case when 
they are compared by use of the same film thick- 
ness equivalent to the film thickness of the oxide 
film. This is because the natural oxide film which 
permits a large amount of electrical leak is formed 
on the composite insulative film formed by the 
conventional manufacturing method, but no natural 
oxide film is formed on the composite insulative 
film formed by the manufacturing method of this 
invention. Therefore, by using the semiconductor 
device manufacturing method of this invention, the 
leak current density can be reduced in comparison 



with that in the conventional case and the dielectric 
strength and the reliability of the composite in- 
sulative film can be enhanced. 

FIG. 15 shows the results of measurements of 

5 TDDB 50% MTTF obtained when a constant cur- 
rent of 1200 uA is passed in the composite in- 
sulative films manufactured by the manufacturing 
method of this invention and the conventional man- 
ufacturing method. In this case, it is assumed that 

/o the film thickness of the composite insulative film is 
set to 45 angstrom expressed in terms of the. film 
thickness of the oxide film. 

In FIG. 15, the conventional method A indicates 
the result of TDDB measurement for a semicon- 

75 ductor device obtained by forming a thermal nitride 
film on the electrode of the semiconductor wafer in 
the first furnace used for LPCVD method, moving 
the semiconductor wafer from the first furnace into 
the second furnace, and forming a CVD-SiN film 

20 formed on the thermal nitride film in the second 
furnace. This invention indicates the result of TDDB 
measurement for a semiconductor device obtained 
by forming a thermal nitride film on the semicon- 
ductor wafer in the first furnace and continuously 

25 forming a CVD-SiN film formed on the thermal 
nitride film in the first furnace. That is, this inven- 
tion indicates the result of TDDB measurement for 
a semiconductor device manufactured by the man- 
ufacturing method according to the first embodi- 

30 ment. In FIG. 15, the conventional method B in- 
dicates the result of TDDB measurement for a 
semiconductor device manufactured by the con- 
ventional manufacturing method. 

As is clearly seen from FIG. 15, when the 

35 thermal nitride film and CVD-SiN film are continu- 
ously formed in the same furnace without being 
exposed to the outer atmosphere as in this inven- 
tion, the reliability which is approx. 50 times higher 
than that obtained by the conventional method can 

40 be attained. 

FIG. 16 shows the result of measurement of 
the concentration of impurity or P contained in a 
polysilicon film formed as a lower electrode of each 
of the semiconductor devices manufactured by the 

45 manufacturing method of this invention and the 
conventional manufacturing method and the sheet 
resistance of the polysilicon film. A reference nu- 
meral 81 indicates the result of measurement of 
the sheet resistance of the polysilicon film. A refer- 
so ence numeral 82 indicates the result of measure- 
ment of the concentration of P contained in the 
polysilicon film. 

• In the conventional manufacturing method, a 
natural oxide film in the trench is removed by 

55 processing the semiconductor wafer in an atmo- 
sphere of reducing gas or by processing the semi- 
conductor wafer- in an atmosphere of inert gas in 
which the partial pressures of H 2 0 and O2 are set 
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to be low after the semiconductor wafer is sub- 
jected to the cleaning process, and then a thermal 
nitride film is formed in the trench. 

As is clearly seen from FIG. 16, in the conven- 
tional manufacturing method, impurity in the poly- 5 
silicon film is extracted when the thermal nitride 
film is formed on the polysilicon film. On the other 
hand, in the manufacturing method of this inven- 
tion, since NH 3 gas is introduced into the furnace 
from the time when the temperature of the semi- w 
conductor wafer is raised until the CVD-SiN film is 
formed, impurity in the polysilicon film will not be 
extracted. Also, a natural oxide film on the poly- 
silicon film is removed and the thermal nitride film 
can be formed thereon at the same time. /5 

FIG. 17 shows the number of foreign matters 
on the wafer in a case where the semiconductor 
devices are manufactured by the manufacturing 
method of this invention and the conventional man- 
ufacturing method. In FIG. 17, the conventional 20 
method A indicates the number of foreign matters 
on the wafer in a case where the CVD-SiN film is 
formed without removing the natural oxide film on 
the electrode surface of the semiconductor wafer. 
The conventional method B indicates the number 25 
of foreign matters on the wafer in a case where the 
natural oxide film on the electrode surface of the 
semiconductor wafer is removed in an atmosphere 
of inert gas, a thermal nitride film is formed on the 
electrode surface by NH3 gas, and then the CVD- 30 
SiN film is formed. Further, this invention in FIG. 17 
indicates the number of foreign matters on the 
wafer in a case where the CVD-SiN film is formed 
by the method of the first embodiment. A reference 
numeral 91 indicates the number of foreign matters 35 
with a diameter of 0.1 to 0.2 u.m and a reference 
numeral 92 indicates the number of foreign matters 
with a diameter of 0.2 am or more. 

According to the case of FIG. 17, in the manu- 
facturing method of the first embodiment, the 40 
above process can be effected without increasing 
the number of foreign matters with a diameter of 
0.1 um or more. Moreover, no etching pits are 
formed. 

The embodiment in which this invention is ap- 45 
plied to the capacitor of trench structure is ex- 
plained, but this invention is not limited to this 
case, and it is possible to apply this invention to a 
capacitor with stack structure. Also, the position 
where the thermal nitride film is formed is not 50 
limited to the surface of the semiconductor sub- 
strate. The thermal nitride film may be formed on 
the semiconductor layer formed on the semicon- 
ductor substrate. 

Further, the above embodiments in which this 55 
invention is applied to the capacitor are explained, 
but this invention is not limited to this case, and it 
is possible to apply this invention to an oxidation- 



resistant mask for LOCOS. That is, the mask for 
LOCOS can be formed by continuously forming the 
thermal nitride film and CVD-silicon nitride film on 
the semi-conductor substrate by the above method 
and patterning the same. If the field oxidation is 
effected by use of this mask, occurrence of the 
birds beak in the field oxide film can be prevented. 

Further, this invention is not limited to the 
semiconductor device using silicon but can be ap- 
plied to a semiconductor device using GaAs. 

Claims 

1. A semiconductor device characterized by com- 
prising a semiconductor layer (34); and a ther- 
mal nitride film (35) formed directly on said 
semiconductor layer, the concentration of oxy- 
gen contained in said thermal nitride film being 
not higher than 1.36 x 10 15 (atoms/cm 2 ). 

2. A device according to claim 1 , characterized in 
that said semiconductor layer (34) is formed of 
silicon. 

3. A device according to claim 2, characterized 
by further comprising a CVD-silicon nitride film 
(36) formed on said thermal nitride film, 

4. A device according to claim 3, characterized 
by further comprising a silicon oxide film (37) 
formed on said CVD-silicon nitride film. 

5. A device according to claim 4, characterized 
by further comprising a first electrode (39) 
formed on said silicon oxide film. 

6. A semiconductor device manufacturing method 
characterized by comprising a first step of 
removing a natural oxide film on a semicon- 
ductor layer (34), and substantially at the . same 
time, forming a thermal nitride film (35) on said 
semiconductor layer; and a second step of 
forming a nitride film (36) on said thermal 
nitride film by the CVD method. 

7. A method according to claim 6, characterized 
in that the concentration of oxygen contained 
in said thermal nitride film (35) is not higher 
than 1.36 x 10 15 (atoms/cm 2 ). 

8. A method according to claim 6, characterized ■ 
in that said first step is effected in an at- 
mosphere of ammonia gas created by intro- 
ducing ammonia gas into a furnace (13). 

9. A method according to claim 6, characterized 
in that said first and second steps are continu- 
ously effected in a furnace (13). 
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10. A method according to claim 6, characterized 
in that the partial pressures Pr of H2O and O2 
in said first step are less than Pr = S x e {E9C/T) 
(Torr) 

where S: inclination (1 x 10 8 to 1 x 10 9 ), 5 
E: active energy (-2.5 to 3.5), C: coefficient for 
transferring Joule/mol to eV (11605), and T: 
absolute temperature. 

11- A method according to claim 6, characterized 10 
in that the partial pressures Pr of H2O and O2 
in a furnace (13) in said first step are 1 x 10~ 4 
Torr when temperature of said semiconductor 
layer is set to 850 * C. 

75 

12. A method according to claim 6, characterized 
in that the natural oxide film is removed by 
vaporizing the same in said first step. 

13. A method according to claim 6, characterized 20 
in that said semiconductor layer is formed of a 
silicon semiconductor substrate (31). 

14. A method according to claim 6, 'characterized 

by further comprising a third step of forming 25 
an oxide film (37) on said nitride film; and a 
fourth step of forming an electrode (39) on said 
oxide film. 

15. A method according to claim 6, characterized 30 
in that said semiconductor substrate (31) is 
formed of a single crystal Si film or polysilicon 

film. 

16. A method according to claim 6, characterized 35 
in that the incubation time at the time of forma- 
tion of said silicon nitride film (36) is set to 
zero in said third step. 

17. A method according to claim 14, characterized 40 
in that said semiconductor substrate (31), ther- 
mal nitride film (35), silicon nitride film (36), 
silicon oxide film (37) and electrode (39) con- 
stitute a capacitor. 

45 

18. A method according to claim 6, characterized 
in that said thermal nitride film (35) and silicon 
nitride film (36) form a LOCOS mask. 

19. A method according to claim 6, characterized- 50 
in that said semiconductor substrate (31) is 
formed of GaAs. 
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(54) Semiconductor device having a thermal nitride film and manufacturing method thereof 



(57) A semiconductor wafer (31) having an impurity 
diffusion layer formed in an inner surface of a trench 
(33) is cleaned. The semiconductor wafer (31) is 
inserted into a furnace, and NH 3 gas is introduced into 
the furnace in the low-pressure condition to create an 
atmosphere in which the temperature is set at 800°C to 
1200°C and the partial pressures of H 2 0 and 0 2 are set 
at 1 x 10* 4 Torr or less. A natural oxide film formed on 
the inner surface of the trench (33) is removed, and sub- 
stantially at the same time, a thermal nitride film (35) is 
formed on the impurity diffusion layer Then, a CVD sili- 
con nitride film (36) is formed on the thermal nitride film 
without exposing the thermal nitride film to the outside 
air in the same furnace. Next, a silicon oxide film (37) is 
formed on the CVD nitride film. As a result, a composite 
insulative film formed of the thermal nitride film, CVD sil- 
icon nitride film and silicon oxide film is obtained. Then, 
an electrode (39) for the composite insulative film is 
formed in the trench. 
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